Agricultural and Forest Meteorology 153 (2012) 144-153

n o . . . #  Agricultural
Contents lists available at SciVerse ScienceDirect = d

an
Forest Meteoralogy

Agricultural and Forest Meteorology

journal homepage: www.elsevier.com/locate/agrformet

Interannual, seasonal, and diel variability in the carbon isotope composition of
respiration in a C3/C4 agricultural ecosystem

Joel ]. Fassbinder®*, Timothy ]. Griffis?, John M. Baker?P

a Department of Soil, Water, and Climate, University of Minnesota, 439 Borlaug Hall, 1991 Upper Buford Circle, St. Paul, MN, 55108, USA
b USDA-ARS, Department of Soil, Water and Climate, University of Minnesota, St. Paul, MN, USA

ARTICLE INFO ABSTRACT

Article history:

Received 14 December 2010

Received in revised form 8 September 2011
Accepted 21 September 2011

The stable carbon isotope ratio, '3C0O,/2CO;, is a valuable tracer for studying the processes controlling
the autotrophic (Fg,) and heterotrophic (Fgy ) contributions to ecosystem respiration (Fg ) and the influence
of photosynthesis on Fg. There is increasing interest in quantifying the temporal variability of the carbon
isotope composition of ecosystem respiration (8g) because it contains information about the sources con-
tributing to respiration and is an important parameter used for partitioning net ecosystem CO, exchange
using stable isotope methods. In this study, eddy covariance, flux gradient, automated chambers, and
stable carbon isotope techniques were used to quantify and improve our understanding of the temporal
variability in Fr and &g in a C5/C4 agricultural ecosystem. Six years (2004-2009) of isotope flux-gradient
measurements indicated that §¢ had a very consistent annual pattern during both Cs (soybean) and C4
(corn) growing seasons due to significant contributions from Fg,, which was strongly influenced by the
isotope composition of the recent photosynthate. However, in the spring, §g exhibited a C; signal regard-
less of the crop grown in the previous season. One hypothesis for this anomaly is that at these low soil
temperatures microbial activity relied predominantly on C3 substrates. Automated chamber measure-
ments of soil respiration (Fg, ) and its isotope composition (g, ) were initiated in the early corn growing
season of 2009 to help interpret the variability in éz. These measurements showed good agreement with
EC measurements of Fg (within 0.5 pmol m? s~1) and isotope flux gradient measurements of 8z (within
2%.) at nighttime for near-bare soil conditions (LAI<0.1). At peak growth, nighttime g above the corn
canopy was consistently 1-6%. more enriched than &g,. The relatively enriched signal above the canopy
indicates that 8 was strongly influenced by aboveground plant respiration (Fgqg), which accounted for
about 40% of Fg. The automated chamber data and analyses also revealed a strong diel pattern in ég;. In the
early growth period, §g, showed a sharp morning enrichment of up to 4%. followed by a gradual depletion
throughout the afternoon and evening. Daytime enrichment in §g, was most pronounced during dry con-
ditions and was not observed when the upper soil was near saturation. We provide anecdotal evidence
that the diel variability during early growth may have been influenced by turbulence (advection/non-
diffusive transport), which reduced the kinetic fractionation effect. At peak growth, there is evidence that
the sheltering effect of the corn plants diminished the influence of turbulence on the chamber measure-
ment of &g,. Further research is needed to evaluate and separate the contributions of biotic and abiotic
(advection and non-steady state effects) influences on chamber g, observations.
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1. Introduction and heterotrophic (Fz,) source components of Fg (Hanson et al.,
2000; Baldocchi et al., 2006; Sakata et al., 2007). Understanding

The release of CO, from the soil and living biomass, referred to the physical and biological controls on Fg, and Fg, is a necessary

as ecosystem respiration (Fg), is the major pathway for carbon loss
in terrestrial ecosystems (Rustad et al., 2000; Ryan and Law, 2005;
Herbst et al., 2008). Consequently, much attention has been aimed
at how changes in climate and land use impact the autotrophic (Fgg)
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step for the development and validation of land surface schemes
that forecast Fy.

The stable isotopologue 13C0, can be used to help trace the flow
of carbon through an ecosystem and improve our understanding
of ecosystem function (Hanson et al., 2000; Ehleringer et al., 2002;
Wingate et al., 2010). Anumber of environmental factors have been
shown to cause Fg and its isotope composition (ég) to vary. Dif-
ferences in the carbon isotope ratios of the substrates of Fg, and


dx.doi.org/10.1016/j.agrformet.2011.09.018
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
mailto:fass0019@umn.edu
dx.doi.org/10.1016/j.agrformet.2011.09.018

JJ. Fassbinder et al. / Agricultural and Forest Meteorology 153 (2012) 144-153 145

Fri can have a strong influence on g, which can be used to deter-
mine source changes in Fg (Hogberg and Ekblad, 1996; Griffis et al.,
2005; Baggs, 2006). In C3/C4 agricultural ecosystems, differences
in the photosynthetic discrimination of Cs (i.e. Glycine max) and C,4
(i.e. Zea mays) plants produce distinct isotope signatures (Farquhar,
1983; Farquhar et al., 1989), which can be used to evaluate the rel-
ative contributions of Fg, and Fg, (Rochette et al., 1999; Drewitt
et al., 2009). In agricultural systems, the step change froma C3 toa
C4 crop can result in dramatic seasonal changes in dg (Griffis et al.,
2005).

In natural ecosystems, temporal changes in 8z can be important,
but more subtle (Ponton et al., 2006). Bowling et al. (2001) demon-
strated that variability in forest §g could be linked to recent (2-4 day
lag) changes in atmospheric vapor pressure deficit and its effect on
plant stomatal response and photosynthetic discrimination. Sim-
ilar evidence has been reported for other forest sites (Ekblad and
Hogberg, 2001; Hogberg et al., 2007). Unger et al. (2010) utilized &g,
measurements to demonstrate that the F, pulse observed immedi-
ately after soil rewetting (“Birch” effect) was from microbial sources
in an evergreen oak woodland. Also, Marron et al. (2009) found that
in a beech forest diel variability in dg; was influenced by changes
in the relative contribution of litter decomposition and root respi-
ration.

Post-photosynthetic fractionation, associated with either dark
respiration (Duranceau et al., 1999; Klumpp et al., 2005; Wingate,
2008) or the mobilization of newly assimilated organic matter in
the plant (Hobbie and Werner, 2004; Gessler et al., 2008; Kodama
et al,, 2008; Wingate et al., 2010; Barbour et al., 2011a), has been
shown to cause the carbon isotope composition of above and below
ground respiration to differ from the isotope composition of newly
assimilated CO, by up to several per mil. Post-photosynthetic
fractionation, therefore, can lead to uncertainty in the values of
above and below ground &g, which can affect the partitioning of
Fg.

Over the last several years there has been increased inter-
est in using chambers to measure the isotope composition of
respiration from ecosystem components (soil, roots, leaves) to
better understand the variations described above under field con-
ditions (Kayler et al., 2010; Wingate et al., 2010; Midwood and
Millard, 2011). Under steady state and with diffusive gas transport,
chamber measurements of g, should be equal to the biological
source within the soil (Cerling et al., 1991; Susfalk et al., 2002;
Millard et al.,, 2008; Risk and Kellman, 2008). Recent studies,
however, have demonstrated that chamber (dynamic and static)
isotope measurements are often adversely influenced by turbu-
lence and non-steady-state (NSS) conditions, bringing into question
the interpretation and value of such data (Risk and Kellman, 2008;
Wingate, 2008; Kayler et al., 2010; Midwood and Millard, 2011).
For instance, dry porous soils are highly susceptible to advection
and mixing of atmospheric CO, into the soil profile, which can
introduce errors of several per mil in dg; (Millard et al., 2008;
Midwood and Millard, 2011). Further, Kayler et al. (2010) found
that advection caused 8g, to vary by up to 1%. in a Douglas-fir
stand.

In this study, eddy covariance, flux gradient, and automated
soil chamber systems were combined with tunable diode laser
(TDL) spectroscopy to quantify variability in §g at the interannual
(2004-2009), seasonal, and diel time scales in a C3/C4 agricul-
tural ecosystem. Specifically, in this study we: (1) determine the
main factors influencing seasonal and interannual variation in
SR, (2) utilize eddy covariance, flux gradient, and soil chamber
data to estimate the contribution of aboveground plant respira-
tion to the total respiration of the ecosystem, and (3) examine
the biotic and abiotic factors influencing diel variability in the car-
bon isotope composition of soil respiration during a corn growing
season.

2. Methodology
2.1. Study site

Field research was conducted at the University of Minnesota
Rosemount Research and Outreach Center (RROC), located 25 km
south of St. Paul, MN. Micrometeorological and stable isotope mea-
surements were made in a 17 ha homogeneous agricultural field for
the 2004-2009 field seasons with chamber measurements added
in 2009. The soil is a Waukegan silt loam with an average bulk
density of 1.14gcm3 and a relatively high organic carbon content
(2.6%) thatis underlain with a thick layer (>20 m) of coarse sand and
gravel deposited by glacial outwash (Griffis et al., 2004). The upper
soil (0-40cm) at RROC is well mixed from tillage and the carbon
isotope composition of the soil organic matter (§sops) in this layer is
about —18%.. At lower depths, §sops is more enriched ranging from
—15 to —13%. (Griffis et al., 2005). The field site has been in agri-
cultural production for 125 years with pre-settlement vegetation
consisting of upland dry prarie. Prior to the 2002 growing season,
the field was in corn production for four consecutive years. Since
2002, the field has been in an annual corn/soybean rotation.

2.2. Ecosystem scale observations

2.2.1. Micrometeorological measurements

Eddy covariance (EC) was used to measure net CO, exchange
(Fy)over the course of the corn and soybean growing seasons (Baker
and Griffis, 2005). The EC system consisted of an infrared gas ana-
lyzer (LI7500, LiCor, Lincoln, NE) and a three dimensional sonic
anemometer (CSAT3, Campbell Scientific Inc., Logan, UT). These
instruments were mounted on a boom that was adjusted according
to changes in the height of the crop (Baker and Griffis, 2005).

For the 2004 through 2009 growing seasons, soil temperature
was measured at depths of 5 and 10 cm using Type E thermocouples
(chromel - constantan) and surface temperature was measured
with an infrared thermometer (Model IRTS-P, Apogee Instruments,
Logan, UT). A TDR100 (Campbell Scientific Inc., Logan, UT) was
used to measure half-hourly soil water content at the 10 cm depth,
although only data from the 2005, 2006, 2007, and 2009 growing
seasons were available at the time of analysis. Other micromete-
orological variables, including wind speed and net radiation, were
measured on a nearby tower approximately 3 m above the soil sur-
face. Unless otherwise stated, all measurements for this study were
averaged on a half-hourly time period.

2.2.2. Carbon isotope composition of ecosystem respiration

The mixing ratios of '2CO, and '3CO, were measured using
the TDL spectroscopy technique (Bowling et al., 2003; Griffis
et al., 2004). Mixing ratios were measured at two sampling inlets
mounted on a tower. Each inlet consisted of a heated Swagelok
inline filter and a brass critical flow orifice that controlled the flow
rate at 0.260 Lmin~! (Griffis et al., 2007). The two sample inlets
were positioned at approximately 1m (z;) and 2.5m (z,) above
the roughness sublayer, respectively, and were adjusted through-
out the growing season to maintain a constant distance above the
height of the canopy. Air sampled at the inlets was pulled to an
instrument trailer at the edge of the field site using Synflex tubing
(Synflex Type 1300, Aurora, OH, USA) (Griffis et al., 2007). Inside
the instrument trailer, the gradient sample lines were buffered
using stainless steel mixing volumes to damp out the influence
of turbulent fluctuations. The sample lines were then connected
to a custom made manifold which controlled air flow into a tun-
able diode laser (TGA100A, Campbell Scientific, Logan, UT, USA).
Each inlet was measured every 2 min for 45 s per sample, with the
first 7 s of each sample omitted for pressure equilibration (Bowling
et al., 2003; Griffis et al., 2004). The TDL was calibrated every 5 min
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Fig. 1. Schematic of the automated chamber system with TDL for carbon isotope
analysis of CO; efflux. The dashed lines indicate electrical connections.

with two gases of known '2C0O, and '3CO, concentration that are
traceable to the NOAA Earth System Research Laboratory (ESRL).
Calibration gases were measured for 30 s, with data omission and
averaging similar to sample line measurements (Griffis et al., 2007).

The isotope flux ratio method was used to estimate dg and was
expressed in delta notation using (Griffis et al., 2004):

I:13 F]Z
Sr = <’;/Rl> x 1000 (1)
VPBD

For this study, the average §i value was calculated by plotting
nightly (22:00-04:00h) F}3 values against F}? values. A geomet-
ric Type Il regression was used to derive dg from the flux ratio plot.
Linear fits with a coefficient of determination (r?) less than 0.9995
were rejected from the analysis to limit uncertainty in the 8 value.
Toisolate the carbon isotope composition of ecosystem respiration,
only periods of photosynthetic inactivity were used. We limited the
data analysis to well mixed (u=>0.1 ms1), nighttime conditions
for the 2004 through 2009 growing seasons. Using these criteria,
uncertainty in g using the flux ratio method was typically £3.5%.
in the spring and +1.7%. in the growing season (Griffis et al., 2005).

2.2.3. Carbon isotope composition of soil respiration

A closed, non-steady state chamber system was deployed at the
RROC research field during the summer of 2009 to quantify vari-
ability in Fg, and &g,. The chamber system used for this study was
designed by the Biometeorology and Soil Physics Group at the Uni-
versity of British Columbia (Gaumont-Guay et al., 2006). For this
study, only two chambers were utilized. Each chamber dome was
made of clear acrylic and had a headspace volume of 0.06 m3.

Synflex tubing (Synflex Type 1300, Aurora, OH, USA) carried air
from the sample inlet to a custom made manifold that controlled
sampling to a Li-Cor 840 IRGA (Li-Cor Inc., Lincoln, NE, USA). After
air from the sample line was analyzed by the IRGA, a diaphragm
pump (Model NMP850KNDCB, KNF Neuberger Inc., Trenton, New
Jersey, USA) returned the air back to the chamber headspace in a
separate Synflex tube (return line) (Fig. 1). The base flow rate to and
from the chambers was set at 4L min~!. Base flow from the cham-
ber sample line was subsampled at 1L min~! through the IRGA and
returned to the chamber return line. All chambers were equipped
with a small internal fan to ensure a well mixed headspace. Cham-
ber measurements were performed every 15min with a sample
duration time of 300s. The chambers were mechanically opened
when not being sampled, allowing the soil inside the collar to be
exposed to the atmosphere.

The chambers were positioned 6 m apart and 20m from the
north edge of the research field and placed within the same corn
row. No vegetation was allowed to grow within the chambers.
Chambers were equipped with a metal skirt placed around a rub-
ber seal made of ethylene propylene diene terpolymer (EPDM) to
minimize infiltration of ambient air due to wind gusts. Chambers
were also equipped with a “pig-tail” pressure vent tube to eliminate
a pressure gradient between the inside and outside of the cham-
ber. The “pig-tail” shape of the pressure vent tube was designed
to dampen the Venturi effect which can occur in windy conditions
(Conen and Smith, 1998; Bain et al., 2005). Covers made of reflective
insulating material (Reflectix, Markleville, IN, USA) and mylar tape
were placed on the chambers to reduce the increase of air temper-
ature within the chamber headspace during sampling (Bavin et al.,
2009). With the reflective covers in place, chamber air temperature
typically increased 0.6 °C during a single sampling event.

The &g, signal was measured by incorporating a tunable diode
laser (TDL) into the automated chamber system. A subsam-
ple from the chamber sample line brought air to the TDL at
1.48 x 10~4mols~! (200mLmin~1). Sample air was dried by a
Nafion dryer (PD-Series, Perma Pure, Toms River, NJ, USA) before
analysis by the TDL. Although total CO, concentration was mea-
sured continuously during chamber sampling by the Li-Cor 840
IRGA, measurement of 13C0O, and '2CO, by the TDL was not con-
tinuous. Instead, the TDL sampled chamber air for 3 discrete, 10-s
intervals during the 300-s chamber closure. The three intervals
were combined and a best fit linear regression was used to calcu-
late FI%S and ngz from the chambers. Flux-gradient measurements of

13C0, and 12C0, concentrations above the corn canopy were con-
ducted by the TDL when it was not sampling chamber air. A typical
chamber measurement of 13C0,, 12C0,, and total CO, concentra-
tions is shown in Fig. 2.

Soil respiration (Fg,) was calculated using:

X PV d*CO,/dt

fo=—2T,R (2)
whose superscript x indicates either the isotope 12C0, or 13CO,, Pis
atmospheric pressure (98 500 Pa), Vis the volume of the chamber, A
is the surface area of the chamber (0.216 m2), T, is the air tempera-
ture (K), and Ris the gas constant (8.3144 m3 PaK~! mol~1). For this
study, sign convention defines a positive flux leaving the surface.
A best fit linear regression was used to determine the rate of con-
centration change within the chamber headspace during a single
sampling event. The carbon isotope composition of soil respiration
(8r,) was calculated using

13 /E12
5o — (o /PR
s Rvpgp

Linear regressions with an r? coefficient less than 0.95 were
excluded from the analysis. Uncertainty in the chamber mea-
surement of g, averaged +0.4%. in the 2009 corn growing
season. Chamber air analyzed by the TDL was not returned to the
chamber. To compensate, N, gas flowing at 1.48 x 10~% mols™!
(200 mL min—') was added to the chamber return line. Replacement
of air sampled by the TDL with N, caused a dilution of the cham-
ber CO, concentration, causing a slight underestimation of the flux
measurement. A correction factor was obtained from the product
of the N, flow rate into the chamber and the mean chamber con-
centration of either 12C0, or 13CO; (Griffis et al., 2011). Using this
method, the theoretical dilution flux was calculated at —0.21 and
—0.0022 pmol m—2 s~ for F'2 and F13, respectively. This offset was
added to each flux measurement. The dilution correction altered
the isotope ratio of the flux slightly, with a median enrichment of
about 0.4%..

1) x 1000 (3)
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Fig. 2. Example of a typical soil chamber measurement in the 2009 corn growing season showing TDL concentration measurements of (a) '3CO; and (b) '2C0O,. A Li-Cor 840

IRGA measured the total CO, concentration (c). The &g, value for this sample is —16.6%..

2.3. Partitioning ecosystem and aboveground plant respiration

We estimated aboveground plant respiration (Fgqg) and its
carbon isotope composition (8gqg) using a simple mass balance
approach to understand their relative contributions to Fr and &g,
respectively, using

FR = FR ag + FR, (4a)
O Fr = OR,ag(Fr — FR,) + OR, Fry (4b)

Here, Fgq; Was estimated by taking the difference between night-
time (22:00-04:00h) mean values of Fg (measured with eddy
covariance) and Fg, (measured with soil chambers), leaving the
isotope signature of aboveground respiration (Sgqg) as the only
unknown term. Chamber measurements of Fr, and EC measure-
ments of Fg taken shortly after corn planting were generally within
0.5 wmolm? s~1, showing little measurement bias between the

methods and indicating that partitioning later in the growing sea-
son should be reasonable.

3. Results and discussion
3.1. Climate and net CO, exchange

Nightly average soil temperature (Ts, 5cm depth) is shown in
Fig. 3a. Although the timing of winter thaw varied from year to year,
the annual T; pattern was relatively consistent, reaching a maxi-
mum of 25°C around Day of Year (DOY) 200 (July 19). Volumetric
soil water content was highest in the early spring after winter
thaw, ranging from 0.3 to 0.4 m>3 m~3 before gradually decreasing
to <0.20 m3 m~3 in the mid to late summer (Fig. 3b).

Peak photosynthetic uptake in corn growing seasons occurred
from approximately DOY 175-225, causing daytime Fy to reach
values of —50 umolm—2s~! (Fig. 4a). After peak uptake, Fy grad-
ually became less negative at —20 to —10wmolm~2s-1. Peak

T4 (°C)

0 (m3 m's)

200 250 300

Day of Year

Fig. 3. (a) Nightly averages of soil temperature at the 5 cm depth. (b) Nightly averages of soil water content at the 10 cm depth for the 2005 through 2007 growing seasons.
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Fig. 4. Eddy covariance data showing (a) daytime averages of Fy (10:00-16:00 h) and (b) nighttime averages of Fg (22:00-04:00 h) for the 2004 through 2009 corn (circles)

and soybean (inverted triangles) growing seasons.

uptake in soybean seasons occurred from DOY 200 to 240. Day-
time Fy in peak soybean growth was much less than in corn years,
reaching —25 wmolm~2s~1. After DOY 240, Fy became less neg-
ative at —15 to —10 wmolm~2s~! in soybean seasons. Nighttime
(22:00-04:00h) Fy steadily increased after leaf emergence, with
a peak rate close to 12.0 umolm~2s-1 in corn seasons. On aver-
age, peak nighttime Fg in corn years occurred on about DOY 225
(Fig. 4b), lagging peak uptake by approximately 10-15 days. The
Fr pattern varied among soybean seasons, peaking as early as
DOY 200 at 7.1 pmolm~=2s~! and as late as DOY 240 in 2004 at
6.8 umolm—2s~1. No discernible pattern was observed between
peak Fg and peak Fp in soybean growing seasons.

3.2. Diel and seasonal variation in soil respiration
Soil respiration (Fg,) was measured with two automated cham-

bers beginning on DOY 140 and ending on DOY 220 (early to peak
growth) of the 2009 corn growing season. Reported values of Fg,

represent the half hourly mean of the two chamber measurements.
Measurement of Fg, concluded prematurely due to damage suffered
from a lightning strike on DOY 220. In the early growth period
(DOY 140-155, crop height <0.2m), Fg, was predominantly het-
erotrophic and exhibited a consistent diel pattern with average
daytime and nighttime values at 2.8 and 1.6 wmolm~2s~!, respec-
tively (Fig. 5a). Chamber measurements indicated that Fg, slightly
lagged surface temperature in this period but their respective diel
ensembles showed a strong correlation (r2 =0.93, n=24) (Fig. 5b).
The hysteresis loop inverted below the 5 cm depth, with peak 5cm
and 10 cm soil temperatures lagging peak Fg, by 1 and 2 h, respec-
tively (Figs. 5c and d).

As the corn entered rapid development beginning on about DOY
175, Fg, gradually increased with average daytime and nighttime
values of 3.9 and 2.8 pmolm~2 s~1, respectively. Peak Fg, contin-
ued to slightly lag peak surface temperature in this period and
their respective diel ensembles exhibited a strong overall relation-
ship (r>=0.95, n=24). Also, the diel ensembles of Fg, and 5cm

4.5 T T T T T T T T T T
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/8 3
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Fig. 5. Diel ensembles of (a) soil respiration (F,) and its relationship to (b) surface temperature, (c) 5cm soil temperature, and (d) 10cm temperature in early and peak
growth for the 2009 corn growing season at RROC. All diel ensembles represent 15 days of continuous data from either DOY 142 to 157 during early growth or DOY 179 to
194 during peak growth. The black squares represent values from early growth while blue circles represent values from peak growth.
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soil temperature showed a stronger relationship in peak growth
(r2=0.85, n=24) than in early growth (r2=0.65, n=24). Inversion
of the hysteresis loops continued to occur at a depth of 5 cm in peak
growth which is much shallower than the 20 cm depth observed by
Gaumont-Guay et al. (2006) in a boreal aspen stand. This difference
may be partially due to dissimilarities in the temperature and CO,
production profiles between these ecosystems. However, Phillips
et al. (2010) and Riveros-Iregui et al. (2011) found that hysteresis
loops between soil temperature and Fr; can vary independent of
temperature and CO, production by changing physical properties
such as soil moisture and thermal diffusivity.

3.3. Interannual and seasonal variation in the carbon isotope
composition of ecosystem respiration

Flux-gradient measurements revealed major shifts in nighttime
Sg during the course of the corn and soybean growing seasons
(Fig. 6). As Fgq began to increase in the early stages of peak growth,
the 8y signal equilibrated toward the photosynthetic signature of
the current crop, carrying a strong C4 signal in corn growing sea-
sons and a strong Cs signal in soybean growing seasons. In corn
growing seasons, §g enriched from a pre-growing season value of
about —22%. to a peak value of about —11%. occurring as early as
July 18 (DOY 200) in 2005 and as late as August 17 (DOY 230) in
2009. After peak growth, §g was highly variable but exhibited a

decrease to about —18%., likely due to a decrease in Fgq. Although
data are limited in the winter following corn growing seasons, g
was variable but slightly enriched relative to dsgp in the upper soil.
Values of 8g during this period ranged from —20 to —15%. and may
have been influenced by the microbial decomposition of fresh corn
residue and/or isotopically heavy SOM in deeper, warmer soil lay-
ers. As the soybean plants developed &g gradually became depleted
from —18%. to about —22%. due to increased C3 plant respiration.
After about July 10 (DOY 192), 6 was highly variable in all soybean
growing seasons but exhibited a strong C3 signal, ranging from —28
to —21%o.

Surprisingly, 8z in the spring months (March to May) was
consistently about —2343 %, regardless of the crop present in
the previous growing season. One possible explanation for this
anomaly is that at low soil temperatures, corn residue (i.e. stalks,
leaves, and roots) may be more resistant to decomposition by soil
microbial communities than soybean residue (Ajwa and Tabatabai,
1994). Archival photographs and personal observations of the agri-
cultural field in the spring following corn growing seasons showed
an abundance of cornresidue. Following soybean seasons, however,
soybean residue was nearly absent. Soil chamber measurements
showed an enrichment in dg, from early to peak growth of the
2009 corn season (Fig. 7b). In early growth, nightly average g,
values ranged between —24 and —20%. and were consistent with
flux-gradient measurements of §;z taken during the same time
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period (within 2%.). In addition, EC measurements of Fgr and soil
chamber measurements of Fg, during the nighttime were in good
agreement (within 0.5 wmol m? s—1), indicating little contribution
from aboveground plant respiration to the total respiratory flux
(Fig. 7a).

As the corn entered rapid development on about June 15 (DOY
166) and root respiration increased, nightly dg; values gradually
enriched, reaching about —16%. by July 29 (DOY 210). Nightly flux-
gradient measurements of §; taken above the corn canopy were
generally 1-6%. more enriched than soil chamber values of dg,
after about June 15, indicating an increase in !3C-enriched above-
ground respiration from the corn leaves and shoots. Supporting this
hypothesis are EC measurements of nighttime F that were consis-
tently 2-5 pmolm~2 s~ greater than soil chamber measurements
of Fg, in this period (Fig. 7a).

Using Eq. (4a), Fgqg was estimated and showed an increasing
contribution to total Fg as the growing season progressed from early
to peak growth. The Fr q¢/Fg ratio was highly variable, ranging from
0.20 to 0.75 in peak growth with a mean value of 0.43 (Fig. 7c).
The high variability in this ratio was likely due to the complex rela-
tionships between climate, soil respiration (both heterotrophic and
autotrophic), the rapid development of the corn crop, and the inher-
ent noise in the EC and chamber flux measurements. For example,
from July 9 to 20 (DOY 190-201) Fgqg/Fr steadily increased from
0.23 to 0.72, corresponding to a decrease in soil respiration. Values
of 8g, during this period ranged from —16 to —19%.. After a 20 mm
rain event on DOY 202, nighttime soil respiration increased sharply
over the next 48 h from 2.2 to 5.4 umol m~2 s~1. The increase in soil
respiration caused Fg q¢/Fg to decrease from 0.72 to 0.35 during this
time period. However, 8, decreased to near —20%. after the rain
event, suggesting that the sharp increase in soil respiration may
have stimulated heterotrophic contributions. Unger et al. (2010)
observed that rapid Fg, pulses associated with the rewetting of dry
soils (“Birch” effect) were from microbial sources. Also, microbial
moisture sensitivity was observed by Gaumont-Guay et al. (2008)
who found that an increase in soil water content during spring thaw
induced a small and sustained increase in heterotrophic respira-
tion but had no effect on autotrophic respiration in a black spruce
stand.

The carbon isotope composition of aboveground plant respira-
tion (8gqg) Was estimated and averaged —10.2 +3%. in the peak
growth period. Here, g4z Was not measured directly (Eq. (4b)).
Although highly variable, this mean value is slightly more enriched
than the average carbon isotope ratio of —12%. for C4 plants
(Farquhar et al., 1989; Lai et al., 2003; Zhang et al., 2006). Enriched
values of 8gqg on the leaf-level have been shown in several stud-
ies (Duranceau et al., 1999; Ghashghaie et al., 2003; Klumpp et al.,
2005; Barbour et al., 2007, 2011b; Gessler et al., 2008), although
very few have examined 8 q¢ from C4 vegetation.

3.4. Diel variation in the carbon isotope composition of soil
respiration

In the early growth period of the 2009 corn growing season, g,
exhibited a strong diel pattern consisting of a sharp morning enrich-
ment (06:00-10:00 h) followed by a gradual depletion throughout
the afternoon and evening. Values of dg, in early growth averaged
about —21.5%. in the nighttime with daytime values more enriched
at about —18.5%.. Peak enrichment in g, occurred 3-4h before
peak values of Fg, and 5cm soil temperature (Fig. 8a and b). Day-
time enrichment in 8g, in early growth was most pronounced under
dry soil conditions and diminished during and shortly after heavy
rain events. For example, from May 30 to June 4 (DOY 150-155),
soil conditions were dry and g, showed strong daytime enrichment
(Fig. 9a). Rain events on DOY 157 (34 mm) and 159 (14 mm) satu-
rated the upper soil, causing the water content toreach 0.35 m3 m—3
and remain over 0.3 m3 m~3 until DOY 162 (Fig. 9d). During this
period, the pattern of daytime enrichment in §g, was diminished.
After DOY 162 the soil water content decreased and daytime enrich-
ment of 6, became more evident.

We have proposed two hypotheses to explain the diel variabil-
ity in &g, in the early growth period. The first hypothesis is that the
enriched values of §g, were caused by contributions from microbial
decomposition of SOM in deeper, isotopically heavier soil layers.
At our agricultural field site, the 0-40 cm soil layer is well mixed
due to annual tillage, causing dsop to be between the C3 and C4
end members at about —18%. (Griffis et al., 2005). Below the tillage
zone Jsgp is more enriched at about —14%.. Soil temperature data
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Fig. 9. Half hourly measurements of (a) dg, and (b) Fg, during early growth of the 2009 corn growing season at RROC. Also plotted are half hourly measurements of (c)
temperature at the surface (black line) and at the 5 cm soil depth (red line), and (d) soil moisture at the 10 cm depth. Two significant rain events occurred on DOY 157 and
159 which saturated the upper soil until DOY 162. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

(Fig. 8c) signify that peak temperature at the 45 cm depth lags the
peak temperature near the surface by 12-15 h. This temperature
lag means that at 06:00 h (when dg, began to show a sharp enrich-
ment) the temperature at the 45cm depth was near its highest
(16.9°C) when the temperature at the surface was near its lowest
(10.0°C). Diel variability in microbial activity may have occurred
within the soil profile because of this temperature lag, producing
varying contributions to both 13Fg, and '2Fg_ that could have sig-
nificantly altered 8g,. The use of a simple mixing model shows that
when Fg, is 2.5 wmolm~2s~! and the isotope composition of the
upper soil is —22%. (with fresh soybean residue included), 50% of
the total flux would have to come from below the 45 cm depth to
increase the carbon isotope composition of Fg, by 4%..

The second hypothesis is that variability in 8z, was caused by
turbulence and/or non-steady state diffusion during chamber sam-
pling. In the early growth period (LAl =0.1, crop height <0.2 m), the
chambers were exposed directly to wind, which may have resulted
inadvection and diminished diffusive gas transportin the upper soil
layer. Because the transport was not purely diffusional the kinetic
fractionation effect may have been less than the theoretical value of
4.4%., especially during periods when the respiration rate was low.
Ensemble averages of §g, during the period of morning enrichment
(06:00-12:00 h) showed strong relationships with friction veloc-
ity (r2=0.92, n=7, Fig. 8b) and wind speed (r2=0.87, n=7). Also,
infiltration of atmospheric CO, may have been diminished when
the upper soil was saturated during and shortly after rain events,
explaining why daytime enrichment in §g, was not observed during
these periods (Fig. 9). Millard et al. (2008) found that dry, porous
soils with low respiration rates were highly susceptible to infiltra-
tion of atmospheric CO,. Midwood and Millard (2011) found that
mixing of atmospheric CO, with soil CO, can be problematic during
chamber sampling in dry soils and can dramatically alter the dg,.
Further, Kayler etal.(2010) demonstrated that advection could pro-
duce a 1%, variation on 8g,, suggesting that advection plays a minor
role in a forest ecosystem. For our study, however, the unique con-
ditions of an agricultural field in the early growth period may have
resulted in stronger advective effects.

The use of non-steady state (NSS) chambers may have also con-
tributed to the variability in dg, by creating disturbances to the
natural diffusive processes in the upper soil. Nickerson and Risk
(2009) concluded that dynamic fractionation exists under NSS dif-
fusive conditions and will be more pronounced in environments
such as agricultural systems where the rate production and dif-
fusive parameters vary significantly on the diel timescale. Both

Bowling and Massman (2011) and Risk and Kellman (2008) found
that under NSS diffusive conditions the kinetic fractionation fac-
tor was likely less than 4.4%., causing measured values of dg to be
depleted relative to the source. Their studies, however, measured
Sg using the Keeling regression method (Keeling, 1958), which
has been shown to be unreliable under NSS conditions (Risk and
Kellman, 2008; Nickerson and Risk, 2009; Midwood and Millard,
2011). An enrichment in §g; was observed by Susfalk et al. (2002)
due to the lateral diffusion of near-surface CO, into the chamber
collar during chamber sampling. Their study concluded that lat-
eral diffusion occurred due to a pressure gradient established by
the soil chamber and was most pronounced in coarse soil with low
soil moisture content. For our study, it is likely that NSS condi-
tions were created by both advection and the soil chamber footprint
which contributed to variability in g, in the early growth period.
However, quantification of these influences on the chamber mea-
surement of 8g, is made difficult because continuous measurement
of subsurface 12C0, and '3CO, concentrations was not made during
the experiment.

The &g, signal in peak growth was up to 4%. more enriched than
in early growth (Fig. 8c). Values of g, in peak growth exhibited
a strong diel pattern but with less variability, with nighttime and
daytime values at —18.0 and —16.5%., respectively. Peak enrich-
ment of §g; was also shifted 2-3 h later in the afternoon, occurring
between 12:00 and 14:00h. Diel variability in the dg, signal in
peak growth may have been influenced by corn root respiration.
Although Bathellier et al. (2009) observed little change in the car-
bon isotope composition of root respiration, Huck et al. (1962)
observed that the root respiration rate in corn plants was high-
estin the daytime due to the presence of light. Harris and van Bavel
(1957) found that corn root respiration was highest in the after-
noon (16:00h) and that root respiration increased with the age
of the plant. An increase in daytime root respiration could help
explain why peak enrichment in dg, occurred in the afternoon in
the peak growth period. The diel ensembles of Fr; and g, exhib-
ited a stronger relationship in peak growth (r2=0.78, n=24) than
in early growth (12 =0.45, n = 24), indicating an influence from corn
root respiration. In addition, a stronger relationship between the
diel ensembles of ég, and 5cm soil temperature was observed in
peak growth (r2 =0.45,n=24) thanin early growth (r2 = 0.05, n = 24)
(Fig. 8d). Assuming soil temperature can be used as a proxy for
microbial activity, §g, may have been influenced by microbial con-
sumption of corn root exudates. The lower diel variability in &g,
observed in peak growth could also be due to the sheltering effect of
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the tall corn canopy that diminished abiotic influences on the cham-
ber measurements. Overall, chamber measurement of g, in the
peak growth period appeared to be less influenced by abiotic pro-
cesses when compared to the early growth period which allowed
for the biotic processes influencing g, to be examined more clearly.

4. Conclusions

1 Flux-gradient measurements indicated that 8 had a very consis-
tent annual pattern in both soybean and corn growing seasons
due to contributions from Fg,, showing a strong C,4 signal during
corn years and a C3 signal during soybean years. In the spring, g
exhibited a strong Cs signal regardless of the crop grown in the
previous season. This anomaly may be due to corn residue being
more resistant to microbial decomposition than soybean residue,
especially when soil temperatures are low.

2 Chamber measurements of Fr; and dg, in the early growth period
were in good agreement with EC measurements of Fz and flux
gradient measurements of g during the nighttime but showed
a significant departure during the daytime. This departure was
likely the result of wind gusts affecting the highly exposed soil
chambers during sampling.

3 In the peak corn growth period, nighttime §g measurements
taken above the canopy were consistently 1-6%. more enriched
than 8g,. The relatively enriched signal above the canopy was
likely explained by the strong influence of Frqe on dg, which
accounted for an average of 43% of Fy in the peak growth period.

4 Strong diel variability in dg, was observed throughout the corn
growing season. In the early growth period, 8z, showed a sharp
morning enrichment of up to 4%. followed a gradual depletion
throughout the afternoon and evening. Daytime enrichment in
dg, was most pronounced during dry soil conditions and was not
observed when the upper soil was near saturation. In the peak
growth period, the diel pattern of dg; was strongly correlated to
Fg,, suggesting an influence from corn root respiration.

5 Based on our observations, chamber measurement of &g, in the
early growth period was least impacted by abiotic processes in
the nighttime when turbulence was low (u« <0.1ms~1). In the
peak growth period, the sheltering effect of the corn plants and
higher soil respiration rates appeared to diminish the influence
of abiotic processes and allowed for biotic influences on dg; vari-
ability to be examined more clearly.

Acknowledgements

We thank Matt Erickson and Bill Breiter for their technical assis-
tance at the field site. We also thank Zoran Nesic and Dr. T.A.
Black, Biometeorology and Soil Physics Group, University of British
Columbia, for their help with the implementation of the automated
chamber system. We acknowledge the very helpful comments and
criticisms of two anonymous reviewers and the guest editor. Fund-
ing for this research has been provided by the National Science
Foundation, ATM-0546476 (T.G.) and the Office of Science (BER)
U.S. Department of Energy, DE-FG02-06ER64316 (T.G. and J.M.B.).

References

Ajwa, H., Tabatabai, M., 1994. Decomposition of different organic materials in soils.
Biol. Fertil. Soils 18, 175-182.

Baggs, E., 2006. Partitioning the components of soil respiration: a research challenge.
Plant Soil 284, 1-5.

Bain, W., Hutyra, L., Patterson, D., Bright, A., Daube, D., Munger, J., Wofsy, S.,
2005. Wind-induced error in the measurement of soil respiration using closed
dynamic chambers. Agric. For. Meteorol. 131, 225-232.

Baker, .M., Griffis, T.J., Feb. 2005. Examining strategies to improve the carbon balance
of corn/soybean agriculture using eddy covariance and mass balance techniques.
Agric. For. Meteorol. 128 (3-4), 163-177.

Baldocchi, D., Tang, J., Xu, L., 2006. How switches and lags in biophysical regulators
affect spatial-temporal variation of soil respiration in an oak-grass savanna. J.
Geophys. Res. 111, G02008.

Barbour, M., Hunt, J., Kodama, N., Laubach, J., McSeveny, T., Rogers, G., Tcherkez,
G., Wingate, L., 2011a. Rapid changes in §'3C of ecosystem-respired CO, after
sunset are consistent with transient '>C enrichment of leaf respired CO,. New
Phytol. 190, 990-1002.

Barbour, M., Mcdowell, N., Tcherkez, G., Bickford, C., Hanson, D., 2007. A new
measurement technique reveals rapid post-illumination changes in the carbon
isotope composition of leaf-respired CO,. Plant Cell Environ. 30, 469-482.

Barbour, M., Tcherkez, G., Bickford, C., Mauve, C., Lamothe, M., Sinton, S., Brown, H.,
2011b. §13C of leaf-respired CO, reflects intrinsic water-use efficiency in barley.
Plant Cell Environ. 34, 792-799.

Bathellier, C., Tcherkez, G., Bligny, R., Gout, E., Cornic, G., Ghashghaie, J., 2009.
Metabolic origin of the §'3C of respired CO; in roots of Phaseolus vulgaris. New
Phytol. 181, 387-399.

Bavin, T., Griffis, T., Baker, J., Venterea, R., 2009. Impact of reduced tillage and cover
cropping on the greenhouse gas budget of a maize/soybean rotation ecosystem.
Agric. Ecosyst. Environ. 134, 234-242.

Bowling, D., Sargent, S.D., Tanner, B.D., Ehleringer, J., 2003. Tunable diode laser spec-
troscopy for stable isotope studies of ecosystem-atmosphere CO, exchange.
Agric. For. Meteorol. 118, 1-19.

Bowling, D., Tans, P., Monson, R., 2001. Partitioning net ecosystem carbon exchange
with isotopic fluxes of CO,. Global Change Biol. 7, 127-145.

Bowling, D.R., Massman, W J., 2011. Persistent wind-induced enhancement of dif-
fusive CO, transport in a mountain forest snowpack. J. Geophys. Res., in press.

Cerling, T., Solomon, D., Quade, ]., Bowman, J., 1991. On the isotopic composition of
carbon in soil carbon dioxide. Geochim. Cosmochim. Acta 55, 3403-3405.

Conen, F., Smith, K., 1998. A re-examination of closed flux chamber methods for the
measurement of trace gas emissions from the soil to the atmosphere. Eur. J. Soil
Sci. 49, 701-707.

Drewitt, G., Wagner-Riddle, C., Warland, ]J., 2009. Isotopic CO, measurements of
soil respiration over conventional and no-till plots in fall and spring. Agric. For.
Meteorol. 149, 614-622.

Duranceau, M., Ghashghaie, J., Babeck, F., Deleens, E., Cornic, G., 1999. §'3C of CO,
respired in the dark in relation to §'3C of leaf carbohydrates in Phaseolus vulgaris
L. under progressive drought. Plant Cell Environ. 22, 515-523.

Ehleringer, J., Bowling, D., Flanagan, L., Fessenden, ]J., Helliker, B., Martinelli, L.,
Ometto, ]., 2002. Stable isotopes and carbon cycle processes in forests and grass-
lands. Plant Biol. 4, 181-189.

Ekblad, A., Hogberg, P., 2001. Natural abundance of '3C in CO, respired from forest
soils reveals speed of link between tree photosynthesis and root respiration.
Oecologia 127, 305-308.

Farquhar, G., Ehleringer, ]., Hubick, K., 1989. Carbon isotope discrimination and
photosynthesis. Ann. Rev. Plant Physiol. Plant Mol. Biol. 40, 503-537.

Farquhar, G.D., 1983. On the nature of carbon isotope discrimination in C4 species.
Aust. J. Plant Physiol. 10, 205-226.

Gaumont-Guay, D., Black, A., Barr, A.G., Jassal, R.S., Nesic, Z., 2008. Biophysical con-
trols on rhizospheric and heterotrophic components of soil respiration in a
boreal black spruce stand. Tree Physiol. 28, 161-171.

Gaumont-Guay, D., Black, T.A., Griffis, T.J., Barr, A.G., Jassal, R.S., Nesic, Z., Nov.
2006. Interpreting the dependence of soil respiration on soil temperature
and water content in a boreal aspen stand. Agric. For. Meteorol. 140 (1-4),
220-235.

Gessler, A., Tcherkez, G., Peuke, A., Ghashghaie, ]., Farquhar, G.D., 2008. Experimen-
tal evidence for diel variations of the carbon isotope composition in leaf, stem
and phloem sap organic matter in ricinus communis. Plant Cell Environ. 31,
941-953.

Ghashghaie, J., Badeck, F., Lanigan, G., Nogués, S., Tcherkez, G., Deléens, E., Cornic,
G., Griffiths, H., 2003. Carbon isotope discrimination during dark respiration and
photorespiration in Cs plants. Phytochem. Rev. 2, 145-161.

Griffis, T., Baker, J., Zhang, ]., 2005. Seasonal dynamics and partitioning of isotopic
CO; exchange in a C3/C4 managed ecosystem. Agric. For. Meteorol 132 (1-2),
1-19.

Griffis, T., Lee, X., Baker, J., Billmark, K., Schultz, N., Erickson, M., Zhang, X., Fassbinder,
J., Xiao, W., Hy, N., 2011. Oxygen isotope composition of evapotranspiration and
its relation to C4 photosynthetic discrimination. ]. Geophys. Res. 116, G01035.

Griffis, T., Zhang, J., Baker, J., Kljun, N., Billmark, K., 2007. Determining carbon isotope
signatures from micrometeorological measurements: implications for study-
ing biosphere-atmosphere exchange processes. Boundary-Layer Meteorol. 123,
295-316.

Griffis, TJ., Baker, J.M., Sargent, S.D., Tanner, B.D., Zhang, ]., 2004. Measuring field-
scale isotopic CO; fluxes with tunable diode laser absorption spectroscopy and
micrometeorological techniques. Agric. For. Meteorol. 124 (1-2), 15-29.

Hanson, P., Edwards, N., Garten, C., Andrews, J., 2000. Separating root and soil micro-
bial contributions to soil respiration: a review of methods and observations.
Biogeochemistry 48, 115-146.

Harris, D., van Bavel, C., 1957. Root respiration of tobacco, corn, and cotton plants.
Agron. J. 49, 182-184.

Herbst, M., Hellebrand, H., Bauer, J., Huisman, J., Simunek, J., Weihermuller, L., Graf,
A., Vanderborght, H., Vereecken, H., 2008. Multiyear heterotrophic soil respira-
tion: evaluation of a coupled CO, transport and carbon turnover model. Ecol.
Model. 214, 271-283.

Hobbie, E., Werner, R., 2004. Intramolecular, compound-specific, and bulk carbon
isotope patterns in C3 and C4 plants: a review and synthesis. New Phytol. 161,
371-385.



JJ. Fassbinder et al. / Agricultural and Forest Meteorology 153 (2012) 144-153 153

Hogberg, P., Ekblad, A., 1996. Substrate-induced respiration measured in situ in
a C3-plant ecosystem using additions of C4-sucroce. Soil Biol. Biochem. 28,
1131-1138.

Hogberg, P., Hogberg, M., Géttlicher, S., Betson, N., Keel, S., Metcalfe, D., Campbell,
C., Schindlbacher, A., Hurry, V., Lundmark, T., Linder, S., Ndasholm, T., 2007. High
temporal resolution tracing of photosynthate carbon from the tree canopy to
forest soil microorganisms. New Phytol. 177, 220-228.

Huck, M., Hageman, R., Hanson, J., 1962. Diurnal variation in root respiration. Plant
Phys. 37,371-375.

Kayler, Z., Sulzman, E., Rugh, W., Mix, A., Bond, B., 2010. Characterizing the impact
of diffusive and advective soil gas transport on the measurement and interpre-
tation of the isotopic signal of soil respiration. Soil Biol. Biochem. 42, 435-444,

Keeling, C., 1958.The concentrations and isotopic abundances of atmospheric carbon
dioxide in rural areas. Geochim. Cosmochim. Acta 13, 322-334.

Klumpp, K., Schaufele, R., Lotscher, M., Lattanzi, F., Feneis, W., Schnyder, H., 2005.
C-isotope composition of CO; respired by shoots and roots: fractionation during
dark respiration? Plant Cell Environ. 28 (2), 241-250.

Kodama, N., Barnard, R., Salmon, Y., Weston, C., Ferrio, ]., Holst, J., Werner, R., Saurer,
M., Rennenberg, H., Buchmann, N., Gessler, A., 2008. Temporal dynamics of the
carbon isotope composition in a pinus sylvestris stand: from newly assimilated
organic carbon to respired carbon dioxide. Physiol. Ecol. 156, 737-750.

Lai, C.-T., Schauer, AJ., Owensby, C., Ham, ]., Ehleringer, ]., 2003. Isotopic air sampling
in a tallgrass prairie to partition net ecosystem CO, exchange. ]J. Geophys. Res.
108, 4566.

Marron, N., Plain, C., Longdoz, B., Epron, D., 2009. Seasonal and daily time course
of the '3C composition in soil CO, efflux recorded with a tunable diode laser
spectrophotometer (TDLS). Plant Soil 318, 137-151.

Midwood, A., Millard, P., 2011. Challenges in measuring the §'3C of the soil surface
CO;, efflux. Rapid Commun. Mass Spectrom. 25, 232-242.

Millard, P., Midwood, A., Hunt, ]., Whitehead, D., Boutton, T., 2008. Partitioning soil
surface CO; efflux into autotrophic and heterotrophic components, using natural
gradients in soil §'3C in an undisturbed savannah soil. Soil Biol. Biochem. 40,
1575-1582.

Nickerson, N., Risk, D.,2009. A numerical evaluation of chamber methodologies used
in measuring the §'3C of soil respiration. Rapid Commun. Mass Spectrom. 23,
2802-2810.

Phillips, C., Nickerson, N., Risk, D., Bond, B., 2010. Interpreting diel hysteresis
between soil respiration and temperature. Global Change Biol. 17, 515-527.
Ponton, S., Flanagan, L., Alstad, K., Johnson, B., Morgenstern, K., Kljun, N., Black, T.,
Barr, A., 2006. Comparison of ecosystem water-use efficiency among Douglas-
fir forest, aspen forest and grassland using eddy covariance and carbon isotope

techniques. Global Change Biol. 12, 294-310.

Risk, D., Kellman, L., 2008. Isotopic fractionation in non-equilibrium diffusive envi-
ronments. Geophys. Res. Lett. 35, L02403.

Riveros-Iregui, D., Hu, J., Burns, S., Bowling, D., Monson, R., 2011. An interannual
assessment of the relationship between the stable carbon isotopic composi-
tion of ecosystem respiration and climate in a high elevation subalpine forest. J.
Geophys. Res. 116, G02005.

Rochette, P., Flanagan, L., Gregorich, E., 1999. Separating soil respiration into plant
and soil components using analyses of the natural abundance of carbon-13. Soil
Sci. Soc. Am. J. 63 (5), 1207-1213.

Rustad, L.E., Huntington, T.G., Boone, R.D., 2000. Controls on soil respiration: impli-
cations for climate change. Biogeochemistry 48 (1), 1-6.

Ryan, M., Law, B., 2005. Interpreting, measuring, and modelling soil respiration.
Biogeochemistry 73, 3-27.

Sakata, T., Ishizuka, S., Takahashi, M., 2007. Separation of soil respiration into CO,
emission sources using '>C natural abundance in a deciduous broad-leaved for-
est in japan. Soil Sci. Plant Nutr. 53 (3), 328-336.

Susfalk, R., Cheng, W., Johnson, D., Walker, R., Verburg, P., Fu, S., 2002. Lateral
diffusion and atmospheric CO, mixing compromise estimates of rhizosphere
respiration in a forest soil. Can. J. For. Res. 32, 1005-1015.

Unger, S., Maguas, C., Pereira, J., David, T., Werner, C., 2010. The influence of precip-
itation pulses on soil respiration - assessing the “Birch effect” by stable carbon
isotopes. Soil Biol. Biochem. 42, 1800-1810.

Wingate, L., 2008. Weighty issues in respiratory metabolism: intriguing carbon iso-
tope signals from roots and leaves. New Phytol. 177, 285-287.

Wingate, L., Ogée, J., Burlett, R., Bosc, A., Devaux, M., Grace, ]., Loustau, D., Gessler, A.,
2010. Photosynthetic carbon isotope discrimination and its relationship to the
carbon isotope signals of stem, soil and ecosystem respiration. New Phytol. 188,
576-589.

Zhang, ]., Griffis, T., Baker, J., 2006. Using continuous stable isotope measurements
to partition net ecosystem CO, exchange. Plant Cell Environ. 29 (4), 483-496.



	Interannual, seasonal, and diel variability in the carbon isotope composition of respiration in a C3/C4 agricultural ecosy...
	1 Introduction
	2 Methodology
	2.1 Study site
	2.2 Ecosystem scale observations
	2.2.1 Micrometeorological measurements
	2.2.2 Carbon isotope composition of ecosystem respiration
	2.2.3 Carbon isotope composition of soil respiration

	2.3 Partitioning ecosystem and aboveground plant respiration

	3 Results and discussion
	3.1 Climate and net CO2 exchange
	3.2 Diel and seasonal variation in soil respiration
	3.3 Interannual and seasonal variation in the carbon isotope composition of ecosystem respiration
	3.4 Diel variation in the carbon isotope composition of soil respiration

	4 Conclusions
	Acknowledgements
	References


